Kinesin motors play diverse roles in mitosis and are targets for antimitotic drugs. The clinical significance of these motors emphasizes the importance of understanding the molecular basis of their function. Equally important, investigations into the modes of inhibition of these motors provide crucial information about their molecular mechanisms. Kif18A regulates spindle microtubules through its dual functionality, with microtubule-based stepping and regulation of microtubule dynamics. We investigated the mechanism of Kif18A and its inhibition by the small molecule BTB-1. The Kif18A motor domain drives ATP-dependent plus-end microtubule gliding, and undergoes conformational changes consistent with canonical mechanisms of plus-end-directed motility. The Kif18A motor domain also depolymerizes microtubule plus and minus ends. BTB-1 inhibits both of these microtubule-based Kif18A activities. A reconstruction of BTB-1-bound, microtubule-bound Kif18A, in combination with computational modeling, identified an allosteric BTB-1-binding site near loop5, where it blocks the ATP-dependent conformational changes that we characterized. Strikingly, BTB-1 binding is close to that of well-characterized Kif11 inhibitors that block tight microtubule binding, whereas BTB-1 traps Kif18A on the microtubule. Our work highlights a general mechanism of kinesin inhibition in which smallmolecule binding near loop5 prevents a range of conformational changes, blocking motor function.
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kinesin | cryo-electron microscopy | inhibition | microtubule dynamics | mitosis T he mitotic spindle orchestrates chromosome segregation during cell division and thus safeguards chromosomal stability. The spindle is built from microtubules (MTs), polar polymers of αβ-tubulin heterodimers, and its organization and dynamics are driven by numerous molecular motors. Together with dyneins, members of the kinesin superfamily undertake diverse tasks during spindle assembly and through mitosis (1) . Kinesins are ATP-dependent motors that can move along MTs, organize them, and modify their dynamics. Despite being defined by their conserved motor domains, sequence variations within individual kinesin superfamily members enable them to perform distinct, specialized functions within the mitotic machinery (2) . Of the ∼40 kinesins encoded in the human genome, approximately one-half have roles in mitosis, emphasizing both the importance of these motors in cell division and the diversity of functions they perform (3) .
Many mitotic kinesins organize MTs, or move cargo within the spindle, by directionally stepping as dimers along spindle MT tracks. However, a subset of kinesins are instead essential for regulating the length of spindle MTs and their dynamics. Kinesin-8 family members exhibit complex behaviors with respect to regulation of spindle MT dynamics, although their overall roles within the spindle appear to be relatively evolutionarily conserved. Kinesin-8s in most eukaryotes, including Kip3 [Saccharomyces cerevisiae (4) (5) (6) (7) ], Klp5/6 [Schizosaccharomyces pombe (8, 9) ], and Klp67A [Drosophila melanogaster (10) ), are involved in controlling spindle length and regulating chromosomal movements. Vertebrates express three kinesin-8 family members-Kif18A, Kif18B, and Kif19-each of which plays distinct regulatory roles. While Kif18A mainly functions during mitotic chromosome positioning by regulating kinetochore MT dynamics (11) (12) (13) , Kif18B predominantly controls astral MTs (14, 15) . Kif19A is a motile MT depolymerase involved in cilia length control (16) . Several studies have shown that human Kif18A is associated with invasive breast cancer (17) , and its overexpression is linked to an unfavorable prognosis in primary hepatocellular carcinoma (18) and colorectal cancer (19) . Thus, Kif18A in particular is both a possible biomarker for cancer prognosis and a potential target for antimitotic therapies.
The extent to which similar kinesin-8 spindle functions reflect shared molecular properties is less clear. For example, budding yeast Kip3 displays highly processive plus-end-directed motility (5, 6, 20, 21) , and fission yeast Klp5/6 can form heterodimers that walk processively to MT plus-ends (22) . These yeast motors enrich at MT plus-ends and Kip3 disassembles MTs in a length dependent manner (6, 20) . Klp5/6 can both couple cargo movement to MT depolymerization (22) , and have also been shown to enhance MT
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Kinesins are a superfamily of ATP-dependent motors important for many microtubule-based functions, including multiple roles in mitosis. Small-molecule inhibitors of mitotic kinesins disrupt cell division and are being developed as antimitotic therapies. We investigated the molecular mechanism of the multitasking human mitotic kinesin Kif18A and its inhibition by the small molecule BTB-1. We used cryo-electron microscopy to visualize nucleotide-dependent conformational changes in microtubulebound Kif18A, and the conformation of microtubule-bound, BTB-1-bound Kif18A. We calculated a putative BTB-1-binding site and validated this site experimentally to reveal the BTB-1 inhibition mechanism. Our work points to a general mechanism of kinesin inhibition, with wide implications for a targeted blockade of these motors in both dividing and interphase cells. nucleation and induce catastrophe at MT ends (23) . Although vertebrate kinesin-8s all display plus-end directed motility with robust processivity (16, (24) (25) (26) , reports concerning their ability to modulate MT dynamics vary. For dimeric Kif18A, both active depolymerization (11) and antagonism of MT assembly have been reported (25, 27, 28) . We previously showed that a monomeric human Kif18A construct is able to depolymerize MTs in vitro, albeit to a limited extent, as evidenced by tubulin ring formation in the presence of the nonhydrolyzable ATP analog AMPPNP (29) . A more recent study of a mouse Kif19A monomeric construct described MT depolymerization activity and the capacity to generate ATP-dependent motility for this protein (30) . Overall, it remains challenging to rationalize these disparate findings concerning the molecular properties and mechanisms of kinesin-8s. It also is not known whether recent descriptions of subdomain rearrangements in the motor domain of kinesin-1 on MT and nucleotide binding apply to the putatively multitasking motor domains of kinesin-8s (31, 32) . Therefore, further dissection of the molecular mechanism of human kinesin-8s is crucial to understand their activities in the context of their mitotic roles in regulating MT dynamics. Small-molecule inhibitors can provide valuable insight into such mechanistic dissection.
While many current anticancer therapeutics are MT-binding agents-for example, the blockbuster drug Taxol (33)-mitotic kinesins have also been considered important chemotherapeutic targets for some time (34) . Human kinesin-5, Kif11 [HsKif11, Kinesin Spindle Protein (KSP), Eg5], which contributes to formation and maintenance of spindle bipolarity, was the first mitotic kinesin for which specific small-molecule inhibitors were identified (35) . Multiple HsKif11-specific inhibitors that cause collapse of the bipolar spindle, mitotic arrest, and cell death have since been identified (36) . The best-studied HsKif11 inhibitors are allosteric inhibitors, which target an HsKif11-specific insert in loop5 (L5) within its motor domain. Binding of these compounds stabilizes a conformation that prevents tight binding of the motor to MTs and blocks its ability to generate force within the spindle. The study of such inhibitors also provides vital information about the molecular mechanism of Kif11 (34, 37) .
Recently, the small molecule BTB-1 has been identified as an inhibitor that specifically inhibits Kif18A (38) . Interestingly, and in contrast to many HsKif11 inhibitors, it acts on MT-bound Kif18A. Inhibitors that are specific for kinesin-MT complexes may be particularly advantageous as antimitotics, because the trapped MT-motor complexes may also sterically or mechanically block the activities of other motors in the spindle, amplifying the antimitotic effect. However, the precise mechanism of Kif18A inhibition by BTB-1 is not well understood. Elucidation of the inhibitory mechanism of BTB-1 is crucial to allow rational development of Kif18A-specific inhibitors, will shed light on the function of Kif18A in mitosis, and will provide further insight into mechanisms of kinesin motor function.
In this study, we therefore investigated the molecular mechanism of human Kif18A and its mode of inhibition by BTB-1. Using monomeric Kif18A motor domain constructs (Fig. 1A) , we measured steady-state ATPase rates and multimotor gliding activities, where plus-end-directed motility was observed. Subnanometerresolution cryo-EM reconstructions of the MT-bound Kif18A motor domain in the presence and absence of the nonhydrolyzable ATP analog AMPPNP showed nucleotide-dependent conformational changes that are consistent with subdomain rearrangements seen in other plus-end-directed kinesins (31, 32, 39) . In addition, using total internal reflection fluorescence (TIRF) microscopy, we observed depolymerization of Taxol-stabilized MTs from both ends. We also captured tubulin ring/Kif18A complexes in 2D at subnanometer resolution, shedding light on its depolymerization mechanism. BTB-1 inhibited Kif18A ATPase, gliding, and depolymerization activities (38) . Finally, the BTB-1 inhibition mechanism allowed us to determine the structure of the MT-bound motor domain in complex with BTB-1. By combining 3D image processing and computational modeling approaches including small-molecule docking, we identified a putative binding site for BTB-1 and validated it experimentally.
The BTB-1-binding pocket lies at the junction of two subdomains within the Kif18A motor domain. BTB-1 thereby inhibits nucleotide-dependent subdomain rearrangements within Kif18A that block both motility and MT depolymerization. Although this binding site is in close proximity to where the allosteric inhibitors bind in HsKif11, BTB-1 selectively binds the MT-bound conformation of Kif18A close to Kif18A-specific residues. This work points to a general mode of kinesin inhibition, in which small molecules prevent subdomain rearrangements by binding at the subdomain interface of the kinesin motor domain, either trapping the motor on MTs or preventing MT binding.
Results
Enzyme and Motile Activities of Monomeric Kif18A. To understand the mechanism of Kif18A and its inhibition, we first measured the MT-stimulated ATPase activities of a monomeric Kif18A motorneck linker construct, Kif18A_MDNL, and compared its activity with that of a previously studied truncated construct, Kif18A_MD. Fits of the data to a Michaelis-Menten function showed that the v max of Kif18A_MDNL (25.5 ATP/s) was twice that of Kif18A_MD (12.2 ATP/s) while its affinity for MTs was approximately threefold tighter (K 1/2 = 26 nM for Kif18A_MDNL, vs. 71 nM for Kif18A_MD) (Fig. 1B) . These data are in line with our previous analysis of a construct similar to Kif18A_MD (v max = 17 ATP/s; K 1/2 = 110 nM; ref. 29) . Our current data show that the presence of the complete Kif18A neck linker sequence in Kif18A_MDNL enhances the ATPase activity and MT affinity of the Kif18A monomer.
We also compared the activities of these two constructs in in vitro MT gliding assays. Intriguingly, both constructs supported ATPdependent plus-end-directed motility ( Fig. 1 C and D) , but mean MT gliding velocity by Kif18A_MDNL (38.5 ± 3.3 nm/s; n = 208) was faster than that by Kif18A_MD (22.4 ± 2.5 nm/s; n = 116) (t test, P < 0.0001). As expected (40) , both monomer constructs drove slower gliding motility than are typically seen for Kif18A dimers (∼100-200 nm/s; refs. 24, 25, 27) ; however, a complete neck linker sequence supported more robust motility (Fig. 1C) , consistent with the central role of the neck linker in coupling motor ATPase activity to functional output in plus-end kinesins (40, 41) (Fig. 1E ).
MT-Bound Kif18A_MDNL Undergoes Conformational Changes on ATP Binding. Using the more active Kif18A_MDNL construct, we used cryo-EM and image reconstruction to visualize the MTbound Kif18A_MDNL in the absence of nucleotide [no nucleotide (NN) using apyrase treatment] and in an ATP-like conformation (using the nonhydrolyzable ATP analog AMPPNP) at ∼6-Å resolution ( Fig. 2 and SI Appendix, Fig. S1 A and B) . The asymmetric unit of these reconstructions is Kif18A_MDNL bound to an αβ-tubulin dimer within the MT (Fig. 2A) . To facilitate interpretation of our reconstructions, we calculated comparative models for each nucleotide state and refined them in the cryo-EM density using flexible fitting with Flex-EM (42) (Fig. 2 and SI Appendix, Fig. S1C ).
In both structures, the contact between motor and MT is centered over the intradimer interface of the αβ-tubulin heterodimer, as seen previously for Kif18A_MD, Kif19A, as well as other kinesin-MT reconstructions (29) (30) (31) (32) 39) (Fig. 2A) . Helix-α4 extends continuously across the motor at the tubulin intradimer interface, and its N terminus forms part of the nucleotide-binding pocket. Three conserved structural elements around the nucleotide-binding pocket-the P-loop, switch I (loop9), and switch II (loop11) regions-respond to the nucleotide state of the motor (Fig. 2B ).
In the NN reconstruction, the nucleotide-binding pocket is empty (Fig. 2B , Left, dotted blue circle). Density corresponding to loop11 (red) is visible and extends from the body of the motor, where it forms a single helical turn contacting the MT surface, before leading into helix-α4. Density corresponding to loop9 (yellow) is only partially visualized in this structure, which is consistent with the partial flexibility observed in other nucleotide-free MT/ tubulin-bound kinesin structures (31, 32, 39) . As was shown previously, many of these elements are not visible in the Kif18A_MD crystal structure (Protein Data Bank ID code 3LRE) (29) , and become ordered on binding of the MT. As was also shown for Kif18A_MD and the motor domain of Kif19 (30), binding of MTs by Kif18A_MDNL also promotes a shift of helix-α3. This moves helix-α3 away from helix-α2 relative to its position in the ADPbound crystal structure (SI Appendix, Fig. S2 ).
In addition to the C terminus of loop11 and helix-α4 at the intradimer tubulin interface, contacts are formed between Kif18A and the MT surface via β-sheet5/loop8, loop12, and helix-α5. Kinesin-8 sequences have a characteristic highly extended loop2 sequence. In this ∼6-Å structure at higher thresholds, no distinct density corresponding to loop2 is observed forming an additional connection to the MT surface. This suggests flexibility in this region of the motor (Fig. 2D) . However, when the current reconstruction is visualized using a more inclusive threshold, density forming a connection between the Kif18A_MDNL via its loop2 and MT surface can be seen (SI Appendix, Fig. S3 ). This is consistent with the previously calculated structure of Kif18A_MD at lower resolution (29) , and with functional data concerning the importance of loop2 residues in Kif18A-MT interaction and function (43) . The β-sheet1 subdomain, which contains loop2, lies above helix-α6, from which the motor's neck linker extends (Fig.  2D ). In the NN reconstruction, the position of helix-α6 with respect to helix-α4 prevents neck linker docking, and no density corresponding to the neck linker is visible in this nucleotide state ( Fig. 2 C and D, magenta arrow).
In the presence of AMPPNP, the nucleotide-binding site is clearly occupied by the bound nucleotide, and the closure of the conserved structural elements can be observed in response to the ATP analog (Fig. 2B, Right) . While much of the MT-binding interface of Kif18A_MDNL remains stable in the transition between NN and AMPPNP ( Fig. 2C , Right), the local conformational changes at the nucleotide-binding site coincide with larger structural rearrangements within the motor. In particular, on AMPPNP binding, helix-α6 extends and inserts between helix-α4 and the central beta sheet of the motor domain, resulting in redirection of the neck linker along the body of the Kif18A motor domain toward the MT plus-end (Fig. 2D , Right, magenta arrow). This is consistent with our observation that Kif18A_MDNL drives plus-end-directed motility in a gliding assay (Fig. 1D) .
Overall, the structural comparison between the Kif18A_MDNL in the NN and AMPPNP reconstructions shows that the motor domain undergoes conformational changes on ATP binding, which are essential for plus-end-directed motility along MTs. Such conformational changes likely arise from rearrangements in three subdomains within the Kif18A motor domain, as described for kinesin-1 (31, 32) (SI Appendix, Fig. S4 ). The models calculated for the NN and AMPPNP states of Kif18_MDNL incorporate these subdomain rearrangements, such that (i) the so-called tubulinbinding subdomain corresponds to the relatively static regions of contact between motor and MT (Fig. 2C); (ii) the so-called SwitchI/II subdomain contains the Switch I/II sequences and surrounding secondary structural elements, including loop9, loop11, and helix-α3; and (iii) the so-called P-loop contains the rest of the motor, including helix-α6 and the neck linker. Thus, the Switch I/II and P-loop subdomains move with respect to each other and to the tubulin-binding subdomain once Kif18A_MDNL binds MTs (SI Appendix, Fig. S4 ) and AMPPNP, allowing neck linker docking.
MT Depolymerization by Kif18A_MDNL. The conformational changes described above are in line with the plus-end-directed MT motility driven by Kif18A monomers and similar to those exhibited by other plus-end kinesins. Nevertheless, we were intrigued to also compare the MT depolymerization activity of both our monomeric constructs. Although it is unclear whether the cellular roles of Kif18A depend on MT depolymerization activity or on the motor's ability to simply dampen dynamics at MT ends, we previously showed that Kif18A_MD could release tubulin from paclitaxelstabilized MTs. This observation is consistent with the ability of the Kif18A motor domain to depolymerize MTs (29) . To investigate this further, we used TIRF microscopy to directly visualize depolymerization of fluorescently labeled MTs by Kif18A_MDNL and Kif18A_MD (Fig. 3 A and B) . In all cases, the observed depolymerization occurs from both plus-ends and minusends of the stabilized MTs. This can be explained by the monomeric nature of the construct, as it can diffuse in solution to either end of the MT in the TIRF assay and stimulate MT destabilization at both ends. The rates at which different MTs depolymerize in these assays are not uniform, and investigations of the origin of this variability are ongoing. Nevertheless, confirming and extending our previous study, we observed that both Kif18A_MD and Kif18A_MDNL shorten paclitaxel-stabilized MTs in the presence of AMPPNP. However, Kif18A_MDNL depolymerizes MT approximately threefold faster than Kif18A_MD, with mean depolymerization rates of 1.30 ± 0.70 nm/s (n = 119) and 0.37 ± 0.28 nm/s (n = 208) respectively (t test, P < 0.0001). In the presence of ATP, no MT depolymerization by Kif18_MD was observed, but Kif18A_MDNL did support ATP-dependent MT depolymerization, albeit more slowly than in the presence of AMPPNP [mean rate, 0.87 ± 0.43 nm/s (n = 99) (t test, P < 0.0001)]. Thus, the presence of the full neck linker sequence in Kif18A_MDNL enhances the depolymerization capacity of the Kif18A monomer.
Consistent with its higher depolymerization activity, we also observed formation of a larger number of curved Kif18A_MDNL-tubulin oligomers from paclitaxel-stabilized MTs compared with Kif18A_MD in the presence of AMPPNP (SI Appendix, Fig. S5 A and B). These oligomers include tubulin rings, which are built from a single curved protofilament. Both constructs showed a similar extent of binding to the MT lattice at the saturating motor concentrations used for these experiments. Thus, Kif18A_MDNL is substantially more active than Kif18A_MD in terms of MT depolymerization and tubulin ring formation.
To further investigate the structure of Kif18A_MDNL in the context of these curved tubulin structures, we imaged Kif18A_MDNL-tubulin rings using cryo-EM (Fig. 3C ). Due to a preferred en face orientation of the rings in vitreous ice, we were not able to determine their 3D structure. Nevertheless, the 2D analysis of these rings yields a detailed view of these motortubulin complexes (Fig. 3D) . They show that Kif18A_MDNL binds to curved αβ-tubulin dimers with a 1:1 stoichiometry, as was previously observed at low resolution for Kif18_MD (29) . Most of the rings were composed of 13 or 14 Kif18A-tubulin dimers, but 12 copies of the motor-tubulin complex were also seen in the ring population (SI Appendix, Fig. S5C ). This suggests that there may be some variation in the tubulin curvature induced by Kif18_MDNL, and thus in how many copies of the motor-tubulin complex can be accommodated in the closed rings that we used for the image analysis. However, the detailed view of the complex shows that the Kif18A_MDNL retains a compact conformation when bound to curved tubulin, similar to its configuration when bound to the straight MT lattice (Fig. 3E, Left) .
To understand this in more detail, we matched a projection of tubulin-bound Kif18A_MDNL atomic model with the density of our 2D classes (Fig. 3E, Right) . The excellent match of these two projection views suggests that the same structural elements within Kif18A_MDNL are responsible for binding to the curved tubulin conformation as bind to the straight MT lattice, centered around helix-α4 within the tubulin-binding subdomain. This also supports the conclusion that Kif18A_MDNL undergoes a relatively limited global rearrangement to adopt its depolymerizing conformation. These analyses imply that, due to the relative freedom of tubulin at MT ends, Kif18A_MDNL is able to induce or stabilize tubulin dimer curvature. In the presence of the nonhydrolyzable ATP analog AMPPNP, motor-tubulin complexes can be trapped and visualized.
Inhibition of Kif18A Activities by BTB-1. The small molecule BTB-1 (38) specifically inhibits Kif18A when bound to MTs and kinetically shows an ATP-competitive mode of inhibition. To further probe the effects of BTB-1 inhibition on our Kif18A constructs, we tested its effect on their ATPase, depolymerase, and gliding activities. Titration of increasing concentrations of BTB-1 inhibited the steady-state ATPase activities of both Kif18A_MD and Kif18A_MDNL. Thus, despite the different activities of these two constructs (Fig. 1A ), both were inhibited by BTB-1 to the same extent (IC 50 = 0.59 μM in MD and 0.61 μM in MDNL) (Fig. 4A) , very close to the previously published value (38) . Similarly, addition of BTB-1 to the depolymerization assay resulted in complete inhibition of Kif18A_MDNL activity (Fig. 4B) . Furthermore, BTB-1 also showed an inhibitory effect on the ATP-dependent gliding activities of Kif18A_MDNL and Kif18A_MD (Fig. 4C) . Titration of increasing concentrations of BTB-1 inhibited the gliding activity of Kif18A_MDNL (IC 50 = 1.31 μM) (Fig. 4D) , paralleling the inhibition observed in the ATPase assay (Fig. 4A) . Importantly, MT gliding activity driven by Kif18A_MDNL could be fully restored by washing out the drug in the presence of ATP (SI Appendix, Fig. S6 ). This confirms the previous finding (38) that inhibition of Kif18A by BTB-1 is reversible. Taken together, these results suggest that all of the measured activities are linked by a common step that is blocked in the presence of BTB-1.
Structure of MT-Bound Kif18A_MDNL in Complex with BTB-1. Since BTB-1 is specific for Kif18A in the presence of MTs, we were able to determine the structure of MT-bound Kif18A_MDNL in the presence of BTB-1 by cryo-EM. This structure, with an overall resolution 4.8 Å (Fig. 5 and SI Appendix, Fig. S7A ), allowed us to shed light on the inhibition mechanism of BTB-1. Although the resolution of the Kif18A_MDNL density is slightly worse than the overall resolution (SI Appendix, Fig. S7A ), the resolution gradient between MT and motor is less prominent than in the NN and AMPPNP reconstructions, possibly due to stabilization of the motor on drug binding. Using this density, we calculated a model of the drug-bound conformation of Kif18A_MDNL (SI Appendix, Fig. S7B ). Overall, the conformation of Kif18A_MDNL in the presence of BTB-1 is very similar to the conformation of Kif18A_MDNL NN (Fig. 5 A and B) , including a very similar conformation of helix-α6 and a lack of density corresponding to the neck linker, indicating that the neck linker is not docked in this structure (Fig. 5C, magenta arrow) . The nucleotide-binding pocket contains no density, indicative of the absence of bound nucleotide or BTB-1 itself (Fig. 5B, blue dotted circle) .
When comparing BTB-1 and NN conformations of Kif18A_MDNL, only small conformational differences are seen around the nucleotide-binding pocket, with conformational shifts in the P-loop, helix-α2a, loop9, loop11, and the N terminus of helix-α4 (Fig. 5B) . Thus, BTB-1 appears to trap Kif18A_MDNL in an NN-like conformation. While the nucleotide-binding site is open and in principle available to receive incoming ATP in the presence of BTB-1, the conformational changes observed in the NN-AMPPNP transition that support MT gliding and formation of curved tubulin complexes seem to be blocked. Thus, our structure suggests that the kinetically ATP-competitive inhibition of Kif18A by BTB-1 occurs through an allosteric structural mechanism.
Molecular Mechanism of BTB-1 Inhibition of Kif18A. To further understand the mechanism of Kif18A inhibition by BTB-1 (Fig.  6A) , we used TEMPy (44) to calculate the difference map between the BTB-1-bound and the NN Kif18A_MDNL cryo-EM reconstructions (Fig. 6B, orange density) . As expected, some regions of difference density corresponded to areas of conformational change between the two conformations of Kif18A_MDNL in the vicinity of the nucleotide-binding pocket (Fig. 5B) . In addition, however, the difference density also included a prominent and discrete peak between helix-α2 and helix-α3 (Fig. 6B, arrow) , which was unoccupied by the fitted atomic model. Remarkably, this region corresponds to one of the well-described binding sites of Kif11 inhibitors (34) , and lies at the junction of the Switch I/II and P-loop subdomains.
To check whether this region is a favorable drug-binding pocket in Kif18A, we carried out a search for pockets accessible for smallmolecule binding and favorable for interactions with methyl and aromatic probes (SI Appendix, Fig. S8A) . Intriguingly, the top predicted pocket corresponds to the same region as identified in the difference map. To validate the pocket prediction and check the potential of this pocket for BTB-1 binding specifically, we modeled the Kif18A-BTB-1 complex using a two-step molecular docking protocol. A global search for BTB-1 binding with Haddock (45) identified poses for BTB-1 with the best energy score in the vicinity of this pocket (SI Appendix, Fig. S8B ). The other proposed locations are either not in buried pockets or are far from the identified difference density. "Focused docking" performed at this potential binding site using both Haddock (45) (Fig. 6C) and AutoDock Vina (46) (Fig. 6D ) and allowing side chain flexibility resulted in two similar binding modes. Following docking, cluster representatives from the 10 top-scoring poses based on Autodock Vina (unclustered) and the four top-scoring clusters based on Haddock (SI Appendix, Table S1 ), were selected. Finally, we proposed two docking poses based on the highest cross-correlation of BTB-1 (among the 14 poses) with both the difference and original densities (Fig. 6E ). These two poses (one from Haddock and one from Autodock Vina) fit equally well, with Chimera CCC values of 0.86 and 0.86, respectively, with the difference map, and 0.73 and 0.75, respectively, with the original map (SI Appendix, Table S1 ).
BTB-1 specifically inhibits the activity of Kif18A compared with other kinesins (38) . To investigate this, we first checked the conservation of interacting residues in the selected models of Kif18A-BTB-1 complex (SI Appendix, Fig. S9 ). Four residues (L124, M133, Y134, and T224, shown in red) in the binding site are rather specific to Kif18A (Fig. 6E) , others (Y159, L207, N211, R214, and A230, shown in black) are shared with several other kinesin families, and the remainder (F232, L256, and D258, shown in blue) are highly conserved across the superfamily. While the resolution of our BTB-1-bound Kif18A_MDNL cryo-EM reconstruction is insufficient to directly visualize the residues involved in BTB-1 binding, computational analysis of the Kif18 model provides a strong indication of its binding site. The predicted binding site includes some Kif18A-specific residues, explaining the selectivity of BTB-1 inhibition.
To test this model of BTB-1 binding and inhibition of Kif18A, we mutated selected residues around the predicted BTB-1-binding pocket and tested the sensitivity of these mutants to BTB-1 inhibition in the MT gliding assay (Fig. 7) . Unsurprisingly, given the dynamic nature of conformational changes in the motor in this region, the uninhibited activity of Kif18A_MDNL is sensitive to mutations in this region of the motor (Fig. 7A) . Nevertheless, several point mutants of residues in this region (M133A, M133I, N211A, and R214A) exhibited reduced sensitivity to BTB-1 inhibition, as measured by gliding activity in the presence of BTB-1 compared with wild type (Fig. 7 B and C) , whereas Y134P, which sits at the top of the predicted binding pocket, had almost no effect on the susceptibility to BTB-1 inhibition. These results support our proposed mechanism of Kif18A inhibition by BTB-1; on MT binding and ADP release, Kif18A undergoes conformational changes that create the binding pocket between helix-α2 and helix-α3. Once BTB-1 occupies this site, subdomain rearrangements that would accompany ATP binding and support motor activity are blocked, trapping Kif18A on the MT.
Discussion
The complex machinery of the mitotic spindle is built from discrete populations of MTs. Each population is tightly regulated to perform specific functions and to collectively ensure the efficiency and accuracy of cell division. Kinesin-8s move processively along specific spindle MTs to reach their plus-ends and, on arrival, control MT plus-end dynamics; for example, kinetochore MTs are regulated by Kif18A to enable chromosome alignment before metaphase (11, 12) . The dual activities of kinesin-8s-plusend-directed stepping and ability to modulate MT dynamics-are encoded within the kinesin dimer, with the tail domain enhancing motor processivity, MT cross-linking activities, as well as MT end occupancy, thereby making significant contributions to motor function (13, 21, 24, 25, 47) . However, our current structural and functional studies, together with previous cell biological work (43) , also demonstrate that specific nucleotide-dependent conformational changes within the Kif18A monomeric motor domain are crucial for canonical plus-end stepping and for modulation of MT end dynamics.
We show that the major structural rearrangements within the Kif18A motor domain that drive plus-end-directed motility occur in the transition between the MT-bound NN and ATP-like states (Fig. 2) . The closure of the nucleotide-binding site brings the surrounding conserved loops into a catalytically competent conformation, and induces extension of helix-α6 and reorientation of the neck linker toward the MT plus-end. Based on a previous, lower resolution Kif18A_MD reconstruction (29), we concluded that helix-α4 is bent in the Kif18A-MT complex. However, with the improved resolution of our current reconstructions, we can clearly see density corresponding to an extended helix-α4 in all nucleotide states; thus, the earlier conclusion arose owing to the limitations of the resolution. The conformational changes that we now see in our Kif18A_MDNL reconstructions are structurally conserved in multiple families of plus-end directed kinesins (31, 32, 39, 48) . High-resolution structures of tubulin-bound kinesin-1 revealed that these changes arise from nucleotide-dependent subdomain rearrangements within the motor domain (31) , and the models that we generated using available crystal structures are consistent with such conformational changes also occurring in Kif18A. Thus, in response to nucleotide binding, the main movements take place in the Switch I/II and P-loop subdomains with respect to the largely static tubulin-binding subdomain, which is centered on the continuous helix-α4 that binds the MT at the intradimer interface.
Our data show that the mechanism of MT depolymerization by the monomeric Kif18A motor domain is neither intrinsically limited to MT plus-ends nor dependent on processive stepping by dimers. Furthermore, our experiments reveal that Kif18A_MD is a weaker MT depolymerizer and forms rings much less readily than Kif18A_MDNL (Fig. 3 A and B and SI Appendix, Fig. S5 A and B) . This difference in depolymerization activity implicates neck linker docking in conformational changes associated with modulation of MT end dynamics. However, surprisingly, the Kif18A_MD supports plus-end-directed motility in a gliding assay (Fig. 1B) . We speculate that the ensemble nature of the gliding assay allows for the motile force generated by this truncated construct to be captured (49) . The 2D profiles of the Kif18A_MDNL-MT-bound reconstruction and of Kif18A_MDNL within the tubulin rings are very similar (Fig. 3E) , suggesting that ring formation involves similar subdomain rearrangements within the Kif18A motor domain in response to ATP-including neck linker docking-as seen on the MT lattice. This idea is also supported by the observation that both gliding and depolymerization are blocked by BTB-1 (Fig.  4) . A very different structural mechanism for MT depolymerization was recently proposed for the kinesin-8 Kif19A (involved in length regulation of primary cilia) involving large-scale unfolding of the Kif19A motor domain (30) ; however, our data do not support such a mechanism in Kif18A.
Notably, comparison of the MT-bound Kif18A motor with the Kif18A crystal structure reveals a shift of loop8 and helix-α3 toward the MT surface (SI Appendix, Fig. S2 ). An equivalent conformational change has been reported previously (29) and in the motor domain of kinesin-8 Kif19A, which is also a dualfunction motor (30), but not in kinesin-1, -3, or -5 (31, 32, 39, 50) . Thus, this MT-induced conformational change may be specific for kinesin-8s, possibly as part of their adaptation to dual function on both the MT lattice and at MT ends. The work done by Kif18A_MDNL at the MT end (induction/stabilization of tubulin curvature) as opposed to the lattice (MT movement) is different because of the context; this is presumably achieved by responding to the relative deformability of the tubulin dimer to which the motor is attached. This suggests that the mechanochemistry of Kif18A is adaptable according to its molecular context.
In stabilizing curved tubulin oligomers, including rings, in the presence of AMPPNP, the depolymerization activity of Kif18A monomers appears similar to that of kinesin-13s (51-53). However, the depolymerization activity of Kif18A monomers is greater in the presence of AMPPNP than in the presence of ATP (Fig. 3A) , clearly distinguishing it from the robust depolymerization capability of kinesin-13s in the presence of ATP (54) . Thus, while the Kif18A monomeric motor has the ability to superimposed on the BTB-1-bound Kif18A_MDNL protein model. Much of the difference density corresponds to the previously described conformational differences around the nucleotide-binding site (dotted blue circle in Fig. 5 A and B) , but an additional density peak (arrow) is located between helix-α2 and helix-α3, near loop5. Kif18A-specific residues at this site, shared with few other kinesins, are labeled in red, moderately conserved residues among kinesin superfamily members are in black, and highly conserved residues are in blue (SI Appendix, Fig. S9 ).
induce/stabilize tubulin in a curved conformation, multiple motors may need to be retained at MT ends for depolymerization to occur. Below this threshold, however, accumulating Kif18A motors may influence MT dynamics by stabilizing a curved tubulin conformation, thereby inhibiting MT growth. Other motile kinesins also influence MT dynamics, for example, kinesin-4s that act as pausing factors at MT plus-ends (55, 56) . The difference in depolymerization capacity in kinesin-8s compared with kinesin-13s may reflect a tunable mechanochemistry that exists across the kinesin superfamily encoded in their motor domains (43) . In vivo, other factors work together with Kif18A on the ends of kinetochore MTs (e.g., ref. 57) to define the complex and tightly regulated dynamics of kinetochore MTs.
A recent investigation of the molecular mechanism of the Kip3 depolymerase (58) showed a number of parallels to our findings regarding Kif18A, highlighting the common mechanisms likely shared by kinesin-8s. The monomeric motor domains of these proteins, 50% identical by sequence, depolymerize MTs from both ends, demonstrating that depolymerization activity is likely intrinsic to kinesin-8 motor domains. As with Kif18A, the Kip3 neck linker makes an important contribution to its depolymerase activity. Furthermore, ATP binding rather than hydrolysis is sufficient for Kip3 depolymerase activity, as also demonstrated by our observation of faster depolymerization by Kif18A in the presence of AMPPNP compared with ATP. This work demonstrates the critical role of Kip3 loop11 for sensing MT ends, suppressing Kip3 ATPase activity, and promoting depolymerization. It also highlights the role of a specific residue in α-tubulin (equivalent in our complex to α-tubulin D116) in this depolymerization activity. In the Kif18A_MDNL-MT structure, the distance between loop11 residues and D116 is too far for a direct interaction (∼14 Å), but curvature in the tubulin at MT ends-and as seen in our ring structures-likely would make interaction between these regions possible. While the structure of Kif18A in projection looks very similar in the rings and the lattice, a relatively small difference in the conformation of loop11 would not be detectable in our current 2D view of the rings. Thus, a similar role for Kif18A loop11 in modulating its depolymerization activity is not excluded by our data. It is possible that tubulin flexibility at MT ends supports the interaction between loop11 and this more distant region of α-tubulin; this in turn could lead to a subtle distortion of the catalytic site, suppressing motor ATPase activity while still allowing ATP binding. As a result, the subdomain rearrangements that are ordinarily coupled to ATPase hydrolysis on the MT lattice are instead used to facilitate tubulin's distortion or removal from MT ends. Further work on both Kif18A and Kip3 is needed to address this crucial mechanistic question.
We identified a potential binding site for the inhibitor BTB-1 between helix-α2 and helix-α3 of the Kif18A motor domain that is revealed due to MT-dependent subdomain movements. This region contains Kif18A-specific residues, explaining the specificity of BTB-1 for Kif18A inhibition compared with other mitotic kinesins (38) . To accommodate BTB-1 in this region, the conformational shift of helix-α3 on MT binding is essential; the equivalent position in the MT-free Kif18A crystal structure is too small to accommodate BTB-1, providing a structural explanation for the specificity of BTB-1 for MT-bound Kif18A. BTB-1 thereby locks Kif18A in the MT-bound state (Fig. 8A) , a mechanism that has been described as "gain-of-function" inhibition, in the sense that inhibited Kif18A gains a novel function of tight, rather than dynamic, MT binding (37) Although this kinesin inhibition mechanism is not strictly analogous to classical genetics gain-of-function mutations, it offers a useful point of comparison with Kif11 inhibitors (discussed below). The putative BTB-1-binding site lies at the junction of the SwI/II and P-loop subdomains that move with respect to each other when ATP binds ( Fig. 2 and SI Appendix, Fig. S4 ). Thus, while BTB-1 inhibition is ATP-competitive, it acts allosterically by blocking the conformational changes that accompany ATP binding and reorganization of the catalytic site that enables ATPase activity. Our work provides a fresh perspective on the mechanism of Kif18A inhibition by BTB-1 that will be important for the development of novel small molecules capable of specifically inhibiting Kif18A in the cellular context (59) .
Kif11 was the first kinesin for which a specific inhibitormonastrol-was identified (35) . Since then, numerous other allosteric inhibitors that bind to Kif11 loop5 have been developed and incorporated into cancer clinical trials (34) . These compounds prevent tight MT binding (60) , thereby blocking the force generation function of Kif11 within the spindle; that is, they work as "loss-of-function" inhibitors (37) (Fig. 8B) . A similar mechanism also might operate in inhibitors for other mitotic kinesins-for example, the kinesin-14 HSET/KifC1, which is involved in MT clustering at spindle poles. A set of specific inhibitors have been designed to target HSET loop5 to block its activity in cancer cells and lead to apoptosis (61); however, redundancy within the spindle machinery can mean that such loss-of-function inhibition is prone to be overridden by other spindle components. Indeed, Kif15, a kinesin-12 with overlapping roles with Kif11 in mitotic MT organization, can functionally substitute for Kif11 in Kif11-independent dividing cells, thereby allowing the completion of mitosis in the absence of Kif11 (62, 63) . The discovery of Kif11 inhibitors represented a paradigm shift in both the ability to functionally dissect the roles of kinesins in cell division and in establishing Kif11-and kinesins in general-as chemotherapeutic targets. Subsequent work has also highlighted the need to consider modes of kinesin inhibition that enhance MT binding to produce a mitotic block that is less readily overridden.
Such inhibition may be particularly advantageous for drugging the mitotic spindle. By trapping the target motor on its MT track and preventing its dynamic turnover, knock-on blockage of much of the dynamic spindle machinery can be achieved, thereby amplifying the antimitotic effect. In contrast to most Kif11 inhibitors and apart from the data presented here, to date no structural information is available about kinesin inhibitors that trap the motors on MTs, being by definition essentially largely inaccessible for study by X-ray crystallography. In addition to Kif18A inhibition by BTB-1, there are several reports of inhibitors of Kif11 that act allosterically and increase Kif11 MT binding within the spindle (37, 64) . Similarly, the allosteric inhibitor (GSK923295) of CENP-E, a motor involved in metaphase chromosome alignment, blocks the release of inorganic phosphate from MT-bound CENP-E, and as demonstrated by mutagenesis and photolabeling, also binds in the vicinity of helix-α2, helix-α3, and loop5 (65) . A series of selective HSET inhibitors that are ATP/ADP-competitive, specific for the motor's MT-bound state, and targeted to loop5 also have been described (66, 67) . It seems likely that these inhibitors will work in a similar way and recognize specific sequences in this region of the particular motor. A recent study of inhibition of kinesin-1 by the general anesthetic propofol showed that kinesins active in interphase are also susceptible to perturbation of their ATPase cycles by small-molecule binding; this could be explained through mechanisms related to disruption of subdomain rearrangements (68) . Thus, our study of BTB-1 inhibition of Kif18A reinforces a common mechanism of allosteric kinesin inhibition through binding at the dynamic interface of subdomains within the kinesin motor domain, either on or off the MT (69) .
Mitotic kinesin inhibitors continue to be valuable tools for dissection of the mechanisms and roles of different motors within the complex spindle machinery, and may have clinical applications as well. The emergence of resistance to monotherapies by accumulation of point mutations presents a challenge to effective drug development and highlights the need to investigate multiple modes of mitotic motor inhibition to overcome drug resistance. The mechanistic redundancy intrinsic to mitosis highlights another problem with monotherapeutic approaches. Thus, the development of combinatorial drug therapies-in particular, inhibitors that trap motors tightly on MTs-in which several mitotic molecules are inhibited simultaneously is an important approach. This is critical to specifically inhibit collaborating or synergistic mitotic partners. In this context, work on Kif18A is relevant because it collaborates with CENP-E in chromosome alignment and is upregulated in a subset of cancers (19, 70) . Thus, inhibitors like BTB-1 may be important when considered synergistically with CENP-E inhibition, particularly when considering the induction of CIN as a strategy for inducing tumor death (71) . With the evolution of personalized treatments of heterogeneous cancers, the possibility of accurately targeting different components of the spindle in different ways is becoming increasingly important.
Materials and Methods
Protein Expression, Purification, and Labeling. Human Kif18A motor domain constructs were cloned into a pET28a vector (Novagen) containing a thrombin cleavable N-terminal His 6 -tag and were expressed, purified, and biochemically characterized as described in SI Appendix.
Cryo-EM Sample Preparation, Data Collection, Processing, and Modeling. MTs were diluted in MT polymerization buffer (SI Appendix, Materials and Methods) to a final concentration of 10 or 20 μM polymerized tubulin, depending on the complex. In addition, 50 μM Kif18A_MDNL was incubated with 5 mM AMPPNP and kept at room temperature for 15 min, followed by incubation with 10 μM MTs before vitrification. For the NN complex, Kif18A_MDNL protein was incubated with Apyrase (10 units/mL; Sigma-Aldrich) for 10 min on ice and then warmed, followed by incubation with 10 μM MTs for another 15 min at room temperature. To form Kif18-tubulin rings for cryo-EM, Kif18A_MDNL was concentrated to 80 μM, mixed with 5 mM AMPPNP and 20 μM tubulin, and incubated for 30 min at room temperature before vitrification; this yielded samples with lower background compared with ring formation from depolymerizing MTs. Carbon grids (C-Flat 2/2 grids; Protochips) were glow-discharged in air, and 4 μL of each sample was applied. The grids were blotted with a final blotting step of 3.5 s and vitrified in liquid ethane using a Vitrobot Mark III (FEI) at 25°C and 100% humidity. Images were collected manually on a 300-kV Tecnai G2 Polara microscope (FEI) equipped with a Quantum energy filter and K2 Summit direct electron detector (Gatan) in counting mode at a pixel size of 1.39 Å. Exposures were recorded at a total dose of ∼30 electrons (Å 2 ) −1 s −1 over 10 s, with a defocus range of ∼0.5-3.5 μm. Details of the cryo-EM data processing and atomic modeling are provided in SI Appendix. 
